Control of common lambsquarters with POST applications of glyphosate in glyphosate-resistant crops generally has been effective. In 2002, common lambsquarters plants from Westmoreland County, VA, were identified after not being controlled with a POST glyphosate application in glyphosate-resistant soybean. Plants from this site that survived glyphosate were collected in both 2002 and 2004. The objective of this research was to evaluate the susceptibility of F1 and F2 progeny from these common lambsquarters plants, relative to the susceptibility of common lambsquarters collected in Common lambsquarters is recognized in Virginia as one of the 10 most common and troublesome weeds in soybean (Webster 2001) and corn (Zea mays L.; Webster 2000). Common lambsquarters is also considered a principal weed in 40 crops worldwide (Holm et al. 1977) . One common lambsquarters plant can produce as many as 500,000 seeds (Crook and Renner 1990).
Common lambsquarters is recognized in Virginia as one of the 10 most common and troublesome weeds in soybean (Webster 2001) and corn (Zea mays L.; Webster 2000) . Common lambsquarters is also considered a principal weed in 40 crops worldwide (Holm et al. 1977) . One common lambsquarters plant can produce as many as 500,000 seeds (Crook and Renner 1990) .
The ability of a few common lambsquarters escaping control could lead to the production of thousands of seed, continued infestations, and reduced crop yields in subsequent years. Common lambsquarters seed can remain viable in soil for as long as 30 to 40 yr (Conn and Deck 1995; Holm et al. 1977) . Common lambsquarters also has a competitive advantage over some other crop and weed species because of its ability to germinate at lower temperatures, hence allowing seedling weed emergence before crop emergence (Chu et al. 1978; Wiese and Binning 1987) .
Crop yield losses because of common lambsquarters competition can be dramatic. Soybean yield reductions of 20 and 15% occurred when 32 and 16 common lambsquarters plants per 10 m of row were present season-long in studies conducted in Michigan (Crook and Renner 1990) and North Carolina (Shurtleff and Coble 1985) , respectively. As few as five common lambsquarters plants per meter of row reduced corn yield by 12% in research conducted in Illinois (Beckett et al. 1988) . Corn yield reductions of 19 to 29% were observed in response to common lambsquarters competition in corn in Quebec, Canada (Ngouajio et al. 1999) . Common lambsquarters also has been shown to reduce yield in other crops, including peanut (Arachis hypogaea L.; Wilcut et al. 1991) , tomato (Solanum lycopersicum L.; Bhowmik and Reddy 1988) , and sugarbeet (Beta vulgaris L.; Schweizer 1983) .
Since the introduction of glyphosate-resistant (GR) crops in the mid 1990s, many farmers have used this technology in crops, including soybean, cotton (Gossypium hirsutum L.), corn, and canola (Brassica napus L.). Sankula (2006) reported that farmers in the United States have rapidly adopted GR crops, planting 88% of soybean, 78% of cotton, and 31% of corn acres to GR varieties in 2005; Virginia's utilization was 84, 97, and 16%, respectively, in 2005 . This technology allows the grower to treat established GR crops with a POST glyphosate application, and through subsequent crop competition and/or additional applications, maintain a weed-free crop until harvest (VanGessel 2001) . However, repeated use of glyphosate led to increased infestation levels of weeds with inherent glyphosate tolerance and, in some instances, development of glyphosate resistance in certain weed species (Heap 2007) .
Beginning in the late 1990s, glyphosate resistance became a growing topic of concern not only in the United States, but also in other countries that use glyphosate. Several rigid ryegrass (Lolium rigidum Gaudin) biotypes from Australia have been documented to exhibit as much as 11-fold resistance to glyphosate (Powles et al. 1998; Pratley et al. 1999) . To date, glyphosate resistance has been documented in other grass species, such as goosegrass [Eleusine indica (L.) Gaertn.] in 1997 in Malaysia (Lee and Ngim 2000) and Italian ryegrass (Lolium multiflorum Lam.) in 2003 in Chile (Perez and Kogan 2003 (Bradley et al. 2006) .
Greenhouse studies conducted in Ohio identified a total of 12 common lambsquarters biotypes that exhibited reduced sensitivity to glyphosate in one or more studies . On the basis of the variable glyphosate responses observed in greenhouse-grown common lambsquarters, field studies were conducted in GR soybean in six locations ). Labeled glyphosate rates provided common lambsquarters control in five locations, and control with sequential applications was observed in all locations. In only one location were individual plants observed to have survived sequential applications. Reduced control of individual plants in the field was theorized to result from adverse environmental conditions.
In 2002, a grower in eastern Virginia applied glyphosate in combination with imazethapyr POST at 0.79 kg ae ha 21 and 0.07 kg ai ha
21
, respectively, for weed control in GR soybean. However, some common lambsquarters plants were not controlled. Dead common lambsquarters plants were observed throughout the field in close proximity to the surviving common lambsquarters plants, which were stunted but not controlled by the herbicides. The size of the dead and live plants indicated that they had both been approximately 15 to 20 cm in height at the time of herbicide application. The grower reported that in previous years, all common lambsquarters plants had been controlled with this rate of glyphosate. This grower has been using glyphosate for POST weed control in GR soybean since 1996. This field had received glyphosate treatments as a burndown or in-crop application in 2 of the last 4 yr.
Because common lambsquarters is considered to be one of the worst weeds in agronomic crops throughout the world, tolerance or the development of resistance to glyphosate could negatively affect current crop production practices. We conducted these studies to evaluate glyphosate sensitivity in this common lambsquarters collection from eastern Virginia.
Materials and Methods
Plant Material. 2002 Collection. 2 Because this treatment did not control all common lambsquarters plants in the field, a second application of 1.68 kg ae ha 21 of glyphosate was applied. Although most common lambsquarters plants were controlled completely or stunted to the point in which seed was not produced, some plants survived and produced seed. Seeds from two of these plants were collected before soybean harvest. This collection will be referred to as Westmoreland, which indicates the county of origin. 22 s 21 and were maintained at 22 to 27 C. Common lambsquarters plants were allowed to acclimate from transplanting, watered as needed, and fertilized 6 once before herbicide application. Glyphosate treatments were applied when common lambsquarters plants were 7.5 to 9 cm tall. Sixteen F1 plants from each of the three source plants from 2004 Westmoreland collections and 16 plants from the Montgomery source were transplanted and maintained in the manner described previously. For 2004 collections, however, common lambsquarters plants were approximately 5 cm tall at transplanting and 6 to 9 cm tall at application. Glyphosate 2 was applied at rates of 0, 0.21, 0.42, and 0.84 kg ae ha 21 with a stationary track sprayer 7 containing a single even-edge nozzle tip 8 that delivered 230 L ha 21 of spray solution at 270 kPa to plants derived from each collection. The experiments were arranged in a randomized complete block design with four replicates. Data were subjected to two-way factorial analysis of variance, with biotype and glyphosate rate as the factors analyzed. Common lambsquarters vigor reduction was visually rated on a scale of 0 (no effect) to 100% (death of plant) at 7, 14, 21, and 28 d after treatment (DAT), and plant height was determined at the same intervals. Plants were harvested 30 DAT, and fresh weights were collected. The experiments were conducted twice, and homogeneity of variance evaluation indicated no significant effect of repetition. Hence, data are presented as an average of the two repetitions. Means were separated by Fisher's Protected LSD test at the 5% level of probability.
F2 Experiments. Fifteen additional F1 seedlings from the 2002 Westmoreland source plant that had not been treated with glyphosate were transplanted into individual 11-cm pots, placed in a greenhouse isolated from other common lambsquarters plants, and allowed to mature and produce seed. Resulting progeny from these plants were designated F2.
The F2 seed were planted into 15 individual flats (52 by 27 by 6 cm) and were designated as lines F2 1 through F2 15 . Seed from the Montgomery source also were planted in a separate flat. Production of F2 seed was not uniform among Westmoreland lines, such that only four lines produced a sufficient number of seedlings for a dose-response study. These populations are referred to as F2 5 , F2 11 , F2 13 , and F2 15 . Twenty seedlings from each of these F2 lines and the Montgomery source were grown to approximately 5 cm in height and transplanted into individual pots. Growing conditions were the same as described for the F1 experiment previously. Glyphosate treatments of 0, 0.21, 0.42, 0.84, and 1.68 kg ae ha 21 were applied to plants 7.5 to 9 cm tall.
Fifteen F1 seedlings from each of the three 2004 Westmoreland source plants were transplanted into individual pots and allowed to mature and produce seed. Each set of seedlings was maintained in a separate greenhouse. The F2 seed from each of the 15 F1 plants were planted in individual flats and transplanted as described before. Fifteen F2 lines from the Montgomery source also were generated. In each instance, the 15 F1 plants produced sufficient seed to allow dose-response evaluations. These 60 F2 lines were designated Montgomery F2 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , Westmoreland 1 F2 1-15 , Westmoreland 2 F2 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and Westmoreland 3 F2 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Common lambsquarters plants were approximately 5 cm in height when transplanted and 6 to 9 cm tall at application.
Glyphosate was applied at 0, 0.21, 0.42, 0.84, and 1.68 kg ae ha
21
. Herbicide treatments, data collection, and experimental design and analysis were conducted as described for the F1 experiments. The F2 experiments were repeated, and homogeneity of variance evaluation indicated no significant effect of repetition for vigor reduction, height, and fresh weight. For this reason, data were combined over repetition before the final statistical analysis.
For the 2004 collections, the effects of F1 source plant and F2 line within each source on the relationship between glyphosate rate and common lambsquarters fresh weight were analyzed in three stages. First, for each repetition, data were fit to a two-parameter log-logistic model of the form
where W r is fresh weight (% of control) at rate r 5 0.21, 0.42, 0.84, and 1.68 kg ae ha 21 ; b is the slope; and I 50 is the glyphosate application rate at which fresh weight is halved. This is a special case of the four-parameter log-logistic model recommended by Seefeldt et al. (1995) , and it was fit with the SAS NLIN procedure. 9 The log-logistic model described in Equation 1 provides an observation of the parameter I 50 for each of the two repetitions of the experiment and for each of the 15 lines within each of the four source plants, for a total of 120 observations. With these, nested analysis of variance of the effects of F1 source plant and the F2 line within the F1 source plant as components of the variance of I 50 was conducted with repetitions as blocks with the REML method of SAS PROC MIXED. 9 The statistical model is
where D i is the random block effect of repetition, S j is the random effect of source j, L k( j ) is the random effect of line k nested within source j, and e k(ij ) is the residual random effect of the interaction of repetition with the other factors in the model. The effects of F1 source plants were considered fixed, and estimates and comparisons of mean I 50 were conducted with the Tukey-Kramer honestly significant difference (HSD) multiple comparison procedure (Kramer 1956 b Common lambsquarters vigor reduction (%) from 0 (no effect) to 100 (death of plant). DAT, days after treatment. b Common lambsquarters vigor reduction (%) from 0 (no effect) to 100 (death of plant).
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respectively. Glyphosate sensitivity was much lower for Westmoreland source 3, however, for which vigor reductions ranged from only 24 to 36% across the 15 lines. The data contained in Figure 1 demonstrate the effect of F1 source on sensitivity of F2 progeny to glyphosate, particularly with respect to vigor reduction across F2 lines for Westmoreland source 3.
Also demonstrated by these data is the inherent variability of common lambsquarters in terms of susceptibility to this herbicide, in that 4 of the 15 F2 lines derived from the Montgomery source exhibited plant vigor reductions of only 55 to 71%. This variability in response to glyphosate in glyphosate-susceptible common lambsquarters has been previously reported (Mithila et al. 2006; Schuster et al. 2007; Taylor et al. 2005 ) and might account for reduced control of this species in GR crops, particularly with larger weeds and adverse environmental conditions. Significant effects of F1 source plant (P , 0.001) and F2 line (P 5 0.0021) also were observed for common lambsquarters fresh weight in response to varying rates of glyphosate from the 2004 collection. Furthermore, no significant departure from a normal distribution was observed for the random effects of F2 lines (P 5 0.81, n 5 60) according to a Shapiro-Wilk test (Shapiro and Wilk 1965) . On this basis, I 50 glyphosate rates were calculated for each of the three Westmoreland F1 source plants and for the Montgomery F1 source plant across F2 lines (Table 3 ). The I 50 estimate for the Montgomery source was 0.32 kg ae ha 21 of glyphosate, and I 50 estimates for Westmoreland 1 and 2 F1 source plants were 0.26 and 0.34 kg ae ha
21
, respectively.
For the Westmoreland 3 F1 source plant, however, the I 50 estimate was 0.91 kg ae ha 21 , which represents a 2.8-fold increase in glyphosate rate relative to the Montgomery F1 source. The overall relationship between glyphosate rate and common lambsquarters fresh weight for Montgomery F1 and Westmoreland 3 F1 source plant, as determined by the loglogistic regression model, is illustrated in Figure 2 .
Sequential Experiments. Sequential glyphosate applications made to 400 Montgomery F1 common lambsquarters seedlings caused significantly greater plant vigor reduction than did sequential applications made to the same number of Westmoreland F2 5 seedlings from 2002 collections (Table 4) . At 2 wk after the final application, 390 of 400 Montgomery seedlings exhibited 100% vigor reduction, and the remainder, 90% vigor reduction. For the Westmoreland F2 5 line, however, only 49 of 400 seedlings exhibited 100% vigor reduction, and 150 seedlings exhibited vigor reductions of 50% or less. Average vigor reduction for the 400 seedlings was 100 and 61% for Montgomery and Westmoreland sources, respectively.
Because 15 F2 lines were created for each of the three 2004 Westmoreland source plants, and from the Montgomery source plant, the total number of lines prohibited evaluation of the effects of sequential treatments on all lines. For this reason, sequential experiments were conducted with the Montgomery F2 lines that had exhibited the lowest and highest levels of plant vigor reduction in response to single applications of 1.68 kg ae ha 21 of glyphosate and with the Westmoreland 3 source lines that exhibited lowest and highest levels of plant vigor reduction in response to this application. These lines are designated F2 1 and F2 15 , respectively, for the Montgomery source plants and the Westmoreland 3 source plants and correspond to those lines as designated in Figure 1 . For the 2004 sequential experiments, factorial analysis of variance was conducted for the 2 by 2, source by F2 line factorial with 360 replications. This analysis demonstrated highly significant (P , 0.001) main effects of source and line and a nonsignificant (P 5 0.7968) interaction. For this reason, one-way analysis of variance was conducted as described above for vigor reduction for Montgomery and Westmoreland sources within lines (Table 4) . Relatively small, but significant, differences in common lambsquarters vigor were observed between Montgomery and Westmoreland sources, in which 44 and 37% reduction was observed in the F2 1 lines, and 95 and 88% reduction for the F2 15 lines, respectively. Although no mortality was observed in the least sensitive F2 1 lines, common lambsquarters mortality of 71 and 39% was observed for the Montgomery and Westmoreland F2 15 lines, respectively.
The results of sequential applications also demonstrate the inherent variability of common lambsquarters in terms of susceptibility to glyphosate. The use of only the least and most sensitive F2 lines in evaluation of sequential treatments does not provide information regarding the overall response of all of the F2 lines from either the Montgomery or Westmoreland 2004 sources. However, that lines from both sources were identified exhibiting no mortality in response to these sequential applications is indicative of this variability. The selection of less sensitive individuals to glyphosate could account for the development of common lambsquarters populations that are more difficult to control, even in the absence of the development of herbicide resistance.
The overall results of these experiments confirm reduced sensitivity to glyphosate in common lambsquarters progeny from Westmoreland sources relative to progeny from Montgomery sources. Furthermore, these results could be interpreted to confirm low-level glyphosate resistance in common lambsquarters as defined by the Weed Science Society of America and the International Survey of Herbicide Resistant Weeds (Heap 2007 (Culpepper et al. 2006) . It is preferred, however, that second generation seed from greenhouse-grown plants of resistant and susceptible populations are collected and tested for resistance (Heap 2007) . In our experiments, this approach documented a 2.8-fold differential glyphosate sensitivity between the 2004 Westmoreland 3 source and Montgomery populations when responses were compared over the 15 F2 lines within each source. Although the response to glyphosate was confirmed to be normally distributed for each of these sources, the differential response among lines within each source is indicative of the natural variability within common lambsquarters biotypes with respect to glyphosate susceptibility. Further research is needed to elucidate the physiological bases for the differential responses observed and thereby to determine whether these responses derive from an introduced mechanism for resistance or, rather, reflect the selection of naturally occurring, more tolerant individuals from a species with substantial inherent variability with regard to this trait. Montgomery  2002 F1  0  0  0  0  0  0  0  0  0  10  390  100  Westmoreland  2002 F2 5  6  5  17  32  37  53  61  93  32  15  49  61*  Montgomery  2004 F2 1  0  0  1  44  156  135  19  2  3  0  0  44  Westmoreland 3  2004 F2 1  0  0  5  150  157  45  3  0  0  0  0  37*  Montgomery  2004 F2 15  0  0  0  0  0  0  5  10  40  51  254  95  Westmoreland 3  2004 F2 15  0  0  0  0  0  0  5  47  98  69  141 88* a Sequential treatments of 0.42 followed by 1.26 followed by 1.68 kg ae ha 21 at 3-wk intervals. b Common lambsquarters vigor from 0 (no effect) to 100 (death of plant). 5-99.9, 58.8-63.5, 43.1-44.9, 36.2-37.7, 94.0-95.9, and 86.6-89.3, respectively. 
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